Abstract Human health risks of exposure to low dose ionizing radiation remain ambiguous and are the subject of intense debate. A wide variety of biological effects are induced after cellular exposure to ionizing radiation, but the underlying molecular mechanism(s) remain to be completely understood. We hypothesized that low dose c-radiation-induced effects are controlled by the modulation of micro RNA (miRNA) that participate in the control of gene expression at the posttranscriptional level and are involved in many cellular processes. We monitored the expression of several miRNA in human cells exposed to acute or chronic low doses of 10 cGy or a moderate dose of 400 cGy of 137 Cs c-rays. Dose, dose rate and time dependent differences in the relative expression of several miRNA were investigated. The expression patterns of many miRNA differed after exposure to either chronic or acute 10 cGy. The expression of miRNA let-7e, a negative regulator of RAS oncogene, and the c-MYC miRNA cluster were upregulated after 10 cGy chronic dose but were downregulated after 3 h of acute 10 cGy. The miR-21 was upregulated in chronic or acute low dose and moderate dose treated cells and its target genes hPDCD4, hPTEN, hSPRY2, and hTPM1 were found to be downregulated. These findings provide evidence that low dose and dose rate c-irradiation dictate the modulation of miRNA, which can result in a differential cellular response than occurs at high doses. This information will contribute to understanding the risks to human health after exposure to low dose radiation.
Introduction
The health risks of occupational or environmental exposure to low dose ionizing radiation (IR) in humans have not been fully understood [1, 2] . Several types of cellular responses to IR, such as the adaptive response or the bystander effect, suggest that low-dose radiation has different characteristics than high-dose radiation. Based on current evidence, it is becoming increasingly clear that the biological effects of IR are not linear. Different responses are induced at high doses than at low doses [3] .
Non-targeted and delayed effects of low dose radiation exposure include the bystander effect, genomic instability, hormesis, adaptive responses, hypersensitivity and transgenerational responses [4, 5] . Radiation-induced genomic instability (RIGI) manifests itself by an increase in genomic alterations in the progeny of irradiated cells [6] . Chromosomal rearrangements, micronuclei formation, aneuploidy, delayed mutagenesis with different mutation spectra, gene amplification and cell death have been identified as RIGI [7] . On the other hand, radiationinduced adaptive responses protect against endogenous damage from normal metabolism and attenuate the damage due to a subsequent challenge dose of radiation [8, 9] . Adaptive responses can alter radiation-induced DNA damage, mutagenesis, the frequency of chromosomal aberrations, micronuclei and cell transformants [10] [11] [12] . Low-dose radiation exposures can also affect unirradiated neighboring cells. This phenomenon has been termed the bystander effect and has been mainly observed after exposure of cell cultures to low fluences of high linear energy transfer (LET) radiations. Sister-chromatid exchanges (SCEs) and mutations have been observed in bystander cells neighboring a-particle-irradiated cells. The stress-responsive protein p21
Waf1 was induced in bystander cells within a 100-micron radius (corresponding to a set of approximately 30 cells) from an irradiated cell [13] . Both gap-junction intercellular communication (GJIC) and endogenous oxidative metabolism mediate 'adaptive' and 'bystander' effects [9] . While adaptive responses are thought to mitigate the harmful effects of IR, bystander effects have been suggested to amplify its consequences. The exact molecular steps by which radiation-induced adaptive and bystander effects are elicited have not been defined.
It has been suggested that perturbations in intracellular metabolic oxidation/reduction reactions contribute to the biological effects of radiation exposure. These processes include redox sensitive signaling pathways, transcription factor activation, gene expression, and metabolic activities that govern the formation of intracellular oxidants and reductants [14] . The goal of this study was to understand the molecular processes by which exposure to low dose IR may elicit biological effects. The purpose was to analyze micro RNA (miRNA) expression after exposure of normal human fibroblasts to 10 cGy of c rays delivered as either an acute or a chronic dose. miRNA are an abundant class of small non-protein-coding single-stranded RNA of *22 nucleotides that function as negative gene regulators. Recent studies have established that miRNA control a wide range of biological functions, including cellular proliferation, differentiation and apoptosis. miRNA can control hundreds of gene targets and are critical in cell development, differentiation and communication [15] . miRNA negatively regulate gene expression by means of mRNA destabilization, through the RNAi mechanism, or translation repression [16] . Most miRNAs do not cleave their mRNA targets as a mechanism of gene regulation, but rather bind to imperfect complementary sites within the 3 0 untranslated regions (UTRs) of their mRNA targets. In this case, the target-gene repression occurs post-transcriptionally at the level of translation [17] resulting in reduced protein levels, while the mRNA levels remain unaffected [18] . A single miRNA has the capability to bind to hundreds of gene targets ranging from transcription factors, secreted factors, receptors, and transporters [18, 19] . The miRNAome in its entirety has the capacity to potentially control the expression of more than half of all human mRNAs.
We recently published on the impact of radiation dose, cellular sensitivity to radiation, and DNA repair capability of the cell on the modulation of miRNA in human cells exposed to low LET radiation [21, 22] . In this study, we asked whether the miRNA are modulated in low dose/ dose rate c-irradiated cells. If so, are there differences or similarities in the miRNA responses? It is possible that the function of most miRNA is to alter gene expression to provide cells more flexibility and the ability to quickly respond to environmental changes. Based on the growing body of evidence suggesting the involvement of miRNA in diverse cellular processes, it is reasonable to hypothesize that radiation-induced effects could be influenced by alterations in miRNA expression. We argued that the stress induced by ionizing radiation can alter the expression of miRNA in a dose and dose rate dependent manner.
Materials and methods
Growth and maintenance of cells AG1522 normal human skin fibroblasts were obtained from the Genetic Cell Repository at the Coriell Institute for Medical Research (Camden, NJ). Passage 10-11 cells were seeded at a density of *1.5 9 10 5 cells/mL in Eagle's Minimal Essential Medium (EMEM) supplemented with 10% heat-inactivated fetal calf serum (FCS). The cells were maintained in a 37°C humidified incubator in an atmosphere of 5% CO 2 in air. The cells were grown in three-dimensional (3-D) architecture on carbon scaffold Cytomatrices TM (Cell Science Pte, Woburn, MA) coated with FNC solution (AthenaES, Baltimore, MD) consisting of fibronectin and collagen to facilitate cell attachment. The cytomatrices were maintained in six well plates. The Cytomatrix TM is a highly porous and biocompatible scaffold; it is organized as an array of continuously, interconnected dodecahedrons with no dead space. By growing cells in 3-D architecture, the intercellular communication via gap junctions is enhanced [12, 13] , and cells do not show signs of differentiation when grown in 3-D after growth in 2-D for many generations. Their morphology does not change as observed by light microscopy examination, and their rate of growth is not altered. Growth of AG1522 cells on FNC-coated surfaces does not lead to their differentiation; however, other cells (e.g. WB-F344) may become larger and stop growing.
Ionizing radiation treatment
A patented 137 Cs irradiator that delivers dose rates ranging from about 30 cGy/h down to less than 0.01 cGy/h in the low dose range has been designed [23, 24] Cs source (J.L. Shepherd Mark I, San Fernando, CA) that delivers c rays at 130 cGy/min was used.
As cellular radiation sensitivity changes at different phases of the cell cycle, the cells were synchronized in G 0 / G 1 . The cells were fed with medium containing 0.5% FCS at 24 h prior to irradiation. When irradiated, * 95% of the cells were in G 0 /G 1 as determined by [ 3 H]-thymidine uptake. Irradiation of 5 9 10 6 cells was performed at various dose rates. For chronic 10 cGy exposure,the dose rate was 0.3 cGy/h. Acute 10 cGy dose was delivered at 3 cGy/min and acute 400 cGy was delivered at 120 cGy/min. The irradiations were administered at 37°C in an atmosphere of 5% CO 2 in air. The control cells did not receive any radiation and were mock irradiated. The 10 and 400 cGy acutely exposed cells were incubated at 37°C for 3 and 8 h prior to harvesting and isolating RNA. The low dose rate treated cells were harvested within 10 min after the completion of irradiation. The experiment was repeated for each dose in triplicate. Table 1 summarizes the radiation doses, dose rates, analysis time after irradiation, and the designation of doses as ''chronic'' or ''acute''.
RNA isolation
The total RNA and miRNA were isolated from the harvested cells. The control (mock irradiated) and irradiated cells were counted with a hemocytometer. Approximately 5 9 10 6 cells were pelleted by centrifugation at 1,500 rpm for 5 min, and washed with 1 mL Dulbecco's phosphatebuffered saline (PBS) without MgCl 2 and CaCl 2 (Invitrogen, Carlsbad, CA, USA). Small RNA less than 200 nucleotides were isolated from cells using the mirVana TM miRNA isolation kit following the enrichment procedure for small RNA recovery (Applied Biosystems; Foster City, CA, USA). Total RNA was isolated with RNAeasy TM kit (Qiagen, Valencia, CA, USA). The quantity and quality of the total RNA and miRNA was measured on the NanoDrop 2000 (Thermo Scientific; West Palm Beach, FL, USA) and by analysis on 2% agarose gels stained with ethidium bromide on BioSpectrum Ò Imaging System (UVP, Upland, CA).
miRNA and gene targets
The miRNA investigated in this study were hsa-let-7a, hsalet-7b, hsa-let-7c, hsa-let-7d, hsa-let-7e, hsa-let-7f, hsa-let 7i, hsa-miR-142-3p, hsa-miR-142-5p, hsa-miR-143, hsamiR-145, hsa-miR-155, hsa-miR-15a, hsa-miR-16, hsamiR-17-3p, hsa-miR-17-5p, hsa-miR-18a, hsa-miR-19a, hsa-miR-19b, and hsa-miR-21. The RNA, U6 small nuclear (RNU6B) and small nucleolar RNA, C/D box 48 (RNU48) were used for normalization.
These miRNA genes were selected from the Sanger Center miRNA Registry at http://www.sanger.ac.uk/Soft ware/Rfam/mirna/index.shtml. All TaqMan assays and endogenous controls for miRNA analysis and assays on demand for gene expression analysis were purchased from Applied Biosystems. Standard TaqMan assays have been designed with PrimerExpress software (Applied Biosystems). All RNA samples for miRNA analysis were normalized based on the TaqMan Gene Expression Assays for human endogenous RNU6B or RNU48 controls as we have previously described [21] .
Assays-on-demand for programmed cell death factor 4 (hPDCD4), phosphatase and tensin homolog (hPTEN), sprouty homolog 2 (hSPRY2), tropomyosin 1 (hTPM1) RAS, and c-MYC genes were purchased from Applied Biosystems. RNA samples for gene expression analysis were normalized based on the TaqMan Gene Expression Assays for human endogenous hypoxanthine phosphoribosyltransferase (HPRT) gene as previously described [21] . reverse transcriptase reactions, including no-template controls and RT minus controls, were run in duplicate. For gene expression analysis, total RNA was treated with DNAse prior to reverse transcription in order to avoid genomic DNA contamination. The cDNA were generated from total RNA with random hexamer primers using a cDNA synthesis Kit from Applied Biosystems, following the recommendations of the manufacturer.
Quantitative real-time polymerase chain reaction (QPCR) and data analysis QPCR was performed on an Applied Biosystems 7900HT Sequence Detection System by using a standard TaqMan PCR kit protocol. The 10 lL PCR contained 0.67 lL RT product, 19 TaqMan Universal PCR Master Mix, 0.2 lM TaqMan probe, 1.5 lM forward primer and 0.7 lM reverse primer. The reactions were incubated in a 384-well plate at 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. The relative expression values of cycle thresholds were calculated by using the comparative delta cycle threshold, DDC T method [25] by normalization to the control miRNA RNU6B or RNU48 and to the control nonirradiated sample. The mock irradiated control sample was used as calibrator to calculate the relative expression and Log 2 values. The threshold cycle (C T ) is defined as the fractional cycle number at which the fluorescence passes the fixed threshold. The statistics and data analysis were performed with ABI prism and GraphPad Prism 5 software, both licensed to the University of Vermont. C T values of the 20-target miRNA in each cell line were statistically evaluated using a one-way t-test (p \ 0.05). The experiments were repeated three times.
Results

Assessment of the expression of miRNA in low dose cirradiated AG1522 cells
We investigated the expression of several miRNA in AG1522 cells exposed to low dose c-rays delivered at different dose rates by quantitative real-time RT-PCR (QPCR). The AG1522 cells were exposed to acute 10 cGy (3 cGy/min) and harvested after 3 and 8 h for miRNA expression analysis. In parallel experiments, AG1522 cells were also irradiated at low dose rate (10 cGy, 0.3 cGy/h) and harvested for analyses within 10 min after the exposure. The miRNA expression was also monitored in AG1522 cells after an acute dose of 400 cGy delivered at 120 cGy/min, and the irradiated cells were harvested at 3 and 8 h following irradiation for miRNA expression studies. We chose to examine miRNA expression at 3 h when the repair activity and/or commitment for permanent arrest in the cell cycle occurred, and at 8 h when most of the DNA damage had been repaired [12, 13] . We monitored the expression of miRNA which had been shown to regulate a range of genes in diverse cellular pathways particularly in carcinogenesis [20] . Relative to the control unirradiated cells, several miRNA were modulated after 400 cGy dose or 10 cGy delivered acutely or chronically.
We first monitored the expression of seven miRNA belonging to the miR-let-7 family. AG1522 cells were irradiated with various doses from a 137 Cs source. A time course experiment was conducted where irradiated cells were harvested at 3 and 8 h post-exposure for molecular analysis. The relative expression as determined by realtime QPCR for miR-let-7a, miR-let-7b, miR-let-7c, miR-let7d, miR-let-7e, miR-let-7f, and miR-let-7i is shown in Fig. 1 . Micro RNA miR-let-7e exhibited the highest degree of modulation in irradiated AG1522 cells. The miR-let-7e was found to be induced when examined in 400 cGy irradiated cells. The miR-let-7e was also upregulated in the cells that were treated with 10 cGy c-radiation dose delivered at 0.3 cGy/h. When the 10 cGy dose was delivered at a dose rate of 3 cGy/min, the miR-let-7e was initially down regulated at 3 h but was induced at the 8 h time point. The dose rate dependent differences in the miR-let7e expression were statistically significant (p \ 0.05). The induction of miR-let-7c in 400 cGy acutely treated cells was significantly higher after 8 h of post irradiation as compared to the 3 h time point (p \ 0.05).
The let-7 family of miRNA negatively regulates the RAS oncogene. We monitored the expression of the RAS oncogene in AG1522 cells irradiated with various doses of Fig. 1 The expression analysis of let-7 miRNA in AG1522 cells harvested for analyses at 3 or 8 h after exposure to acute 10 cGy (3 cGy/min) or 400 cGy (120 cGy/min), or within 10 min after chronic exposure to 10 cGy (0.3 cGy/h). The data are expressed as Log 2 . The error bars indicate the standard error of the mean (SEM) for three independent experiments c-radiation. The mRNA levels of RAS were significantly higher (p = 0.023) in 10 cGy (3 cGy/min) treated cells examined at 3 h after irradiation as compared to the cells investigated at 8 h and the cells treated with chronic 10 cGy (0.3 cGy/h) (Fig. 2) .
We next examined the modulation of several miRNA, shown to be involved in c-MYC gene regulation in low or moderate dose irradiated AG1522 cells. The expression of miR-17-3p, miR-17-5p, miR-142-3p, miR-142-5p, miR-18a, and miR-19b was significantly upregulated (p = 0.04) in AG1522cells after 10 cGy of c rays delivered chronically at 0.3 cGy/h (Fig. 3) . Interestingly, when the 10 cGy dose was given acutely at 3 cGy/min., miR-17-3p, miR-17-5p, miR-142-5p, and miR-19a were down regulated at 3 h post irradiation followed by an induction in their expression at 8 h. All of these miRNA were significantly upregulated (p = 0.05) after acute 400 cGy c ray dose.
We further examined the expression levels of c-MYC miRNAin irradiated AG1522 cells. The c-MYC expression was upregulated after 10 cGy c-radiation dose when delivered at a low dose rate of 0.3 cGy/h (Fig. 4) . The expression of c-MYC miRNA remained repressed after 3 and 8 h of exposure to 10 cGy dose delivered at high dose rate of 3 cGy/min. This dose rate dependent difference in the expression of c-MYC was significantly different (p \ 0.05). When AG1522 cells were exposed to 400 cGy (dose rate 120 cGy/min), c-MYC was downregulated at the 3 h time point (Fig. 6) . Interestingly, most of the miRNA targeting c-MYC were upregulated in 400 cGy treated cells (Fig. 4) .
Finally, we examined the modulation of miR-15a, miR-16, miR-21, miR-143, miR-145 and miR-155 in AG1522 cells. Most of these miRNA were upregulated in AG1522 cells after radiation treatment (Fig. 5) . The miR-15a, miR-21, and miR-143 were significantly upregulated (p = 0.02) in cells exposed to chronic 10 cGy. For miR-16, the acute 10 cGy treatment resulted in reduced expression levels at 3 h post irradiation and an upregulation of expression at 8 h time point (Fig. 5) . Although miR-21, miR-143, and miR-145 were not down regulated at the 3 h time point following an acute 10 cGy dose, their expression levels were lower and increased to a higher level when examined at the 8 h time point. When the miRNA modulation was monitored in acute 400 cGy treated AG1522 cells, it was observed that miR-15a, miR-21, and miR-145 were gradually upregulated during the 3 h to 8 h time window. miR-143 was first induced at 3 h post irradiation and its expression levels declined at the 8 h time point (Fig. 5) . Modulation of miR-21 target genes in irradiated AG1522 cells
In order to determine the correlation of miRNA expression levels to the modulation of target genes that they control, we investigated the relative expression of four miR-21 target genes: programmed cell death 4 (hPDCD4), PTEN tumor suppressor gene (hPTEN), sprouty 2 (hSPRY2), and the tumor suppressor gene tropomyosin 1 (hTPM1) in 10 or 400 cGy irradiated AG1522 cells by employing QPCR. The miR-21 target genes were selected from the published literature. The impact of miR-21 upregulation on the modulation of its target genes was observed in AG1522 cells exposed to chronic 10 cGy or acute 10 or 400 cGy of c rays (Fig. 6) . The miR-21 was upregulated in acute or chronic 10 cGy and in acute 400 cGy treated AG1522 cells (Fig. 6) . The relative mRNA expression of miR-21 target genes hPDCD4 (p = 0.004), hPTEN (p = 0.001), hSPRY2 (p = 0.006) and hTPM1 (p = 0.008) was also significantly downregulated in these cells (Fig. 6) . The mRNA levels of hPTEN and hSPRY2 were induced in chronic 10 cGy irradiated cells.
Discussion
To investigate low-dose/low-dose-rate effects of low-linear energy transfer (LET) ionizing radiation, we used cells adapted to grow in a 3-D architecture that mimics cell growth in vivo. Quiescent normal human fibroblasts were irradiated with single acute or chronic 10 cGy doses of 137 Cs c rays (Table 1) . Cell cultures maintained in 3-D were used as they are ideal to investigate radiation-induced biological effects. The Cytomatrix TM allows cells to grow in 3-D, as they do in the body [26, 27] . Its inert material is not coated with metal, hence no complications with radiation dosimetry would be anticipated. We have characterized the IR response of several human cell strains growing on the Cytomatrix TM . We have shown that the expression of connexin 43, a constitutive protein of gap junctions, and the G 1 checkpoint were more sensitive to regulation by crays in cells maintained in a 3-D than in a 2-D configuration [12] . The IR-induced modulation of connexin proteins and the expression of adaptive responses were greater in a 3-D setup than in cells cultured in 2-D [12] . Hence, this platform provides in vivo-like culture conditions to monitor the biological effects of radiation.
To achieve significant reductions in the uncertainties associated with risk projections for cancer and other health effects caused by low dose IR, progress in the understanding of fundamental biological processes is necessary. We explored the role of miRNA in the cellular response to low dose radiation delivered at different dose rates. Exposure of cells to IR results in the formation of free radicals. It has been assumed that the subsequent alterations in multiple intracellular processes following irradiation are mainly due to the initial oxidative damage caused by these free radicals. The initial damage sustained by the irradiated cells is processed by a range of constitutive and induced repair, signaling, and communication processes involving the control of a large number of gene products [8, 9] . How all these processes are coordinated and controlled remain unknown. We asked whether there are differences in the modulation of miRNA in acute or chronic 10 cGy low dose c-irradiated cells. We also wanted to investigate the changes in the levels of miRNA in cells after exposure to a moderate dose of 400 cGy of c-radiation. The data presented here demonstrates that exposure to low dose ionizing radiation has different miRNA responses than high dose irradiation.
The selected miRNA examined in this investigation are regulators of many genes related to various diseases, including cancer. The monitoring of miRNA expression in 10 cGy c-ray-treated cells revealed differences in the relative expression of the let-7 family of miRNA when the dose was given at different rates mimicking the acute or chronic low dose human radiation exposures. The expression patterns of miR-let-7 differed after exposure to either chronic or acute 10 cGy doses of c-rays. Most of these miRNA were upregulated after 10 cGy chronic dose. In case of acute 10 cGy, they were first repressed and then induced (Fig. 1) . The differences in the expression of let-7 miRNA among cells irradiated with low doses delivered at different rates might have a role in defining the biological effects of such exposures. The let-7 family of miRNA is a negative regulator of the RAS oncogene [28] . Ras proteins are membrane-associated GTPase signaling proteins that regulate cellular growth and differentiation [29] . Down regulation of the RAS gene is strongly associated with a poor prognosis of lung, pancreatic, and colon cancers [30] . The examination of RAS expression in these cells indicated that RAS was moderately induced after 10 cGy chronic dose. In contrast to the let-7 miRNA expression in AG1522 cells treated with 10 cGy dose delivered at a high dose rate, RAS was first induced and then repressed (Fig. 2) . Previous studies have shown that the expression levels of the let-7 miRNA family were modulated in a cell type specific fashion [20] . We have previously examined the modulation of miRNA in cells that differed in DNA-dependent protein kinase (DNA-PK) activity. The let-7 family miRNA were upregulated in irradiated M059K cells with normal DNA-PK activity but were downregulated in irradiated DNA-PK deficient M059J cells [22] .
The miR-17-3p, miR-17-5p, miR-142-3p, miR-142-5p, miR-18a, miR-19a, and miR-19b were shown to be involved in c-MYC gene regulation. These miRNA were upregulated in AG1522 cells after 10 cGy chronic dose. The miR-17-3p, miR-17-5p, miR-142-5p, and miR-19a were first down regulated at 3 h post 10 cGy acute dose followed by an induction in their expression at 8 h. Investigation of the modulation of c-MYC in irradiated AG1522 indicated that while the pattern of c-MYC mRNA expression was not different in cells treated with 10 cGy delivered either at 0.3 cG/h or 3 cGy/min, c-MYC was found to be significantly downregulated in cells after 400 cGy acute exposure. This observation indicates that the regulation of c-MYC by miRNA after radiation exposure is dose dependent.
Previous studies have shown that the expression of miRNA associated with c-MYC translocation was upregulated in TK6 cells exposed to c-radiation [20] . The protooncogene c-MYC regulates the expression of genes involved in cell division, cell growth, and apoptosis [31] . The miR-17-3p, miR-17-5p, miR-19a, miR-19b, miR-142-3p, and miR-142-5p were upregulated in both M059K and M059J cells following exposure to IR [22] . c-MYC induces a cluster of miRNA known as miR-17-92 including miR-17-5p, miR-17-3p, miR-18a, miR-19a, miR-20a, miR-19b, and miR-92-1. This cluster is amplified in B cell lymphomas and other cancers [32] . Induced expression of c-MYC has been correlated with accelerated tumor development and many studies support the miR-17-92 cluster as a potential human oncogene. Over-expressed miR-17-3p, miR-18a, and miR-19a have been found in lung cancers and B-cell lymphomas, and were shown to participate in the process of angiogenesis [32] . The c-MYC oncogene, which encodes a basic helix-loop-helix transcription factor, functions as a regulator of cell growth owing to its ability to induce both cell proliferation and apoptosis [33] .
The miR-15a and miR-16 negatively regulate B-cell lymphoma 2 (BCL2), an anti-apoptotic gene overexpressed in leukaemias and lymphomas [34] . These miRNA are down-regulated in B-cell chronic lymphocytic leukemia (CLL) [34, 35] . The deletion or downregulation of miR-15a and miR-16-1 result in increased expression of BCL2, which promotes leukaemogenesis and lymphomagenesis in haematopoietic cells. Importantly, BCL2 has been implicated in the cellular radiation response [36] . miR-15a and miR-16 also target MYB, that is involved in myeloid, lymphoid, or mixed-lineage leukemias [37] . miR-16 was initially repressed after acute 10 cGy treatment followed by an upregulation in its expression (Fig. 5) . The miR-15a, miR-21, miR-143, miR-145 and miR-155 were upregulated in chronic 10 cGy exposed cells (Fig. 5) . The miR-155 expression is upregulated in pediatric Burkitt's and Hodgkin's lymphomas [38] . The miR-15a, miR-16, miR-21, miR-143 and miR-145 were upregulated and miR-155 was down regulated in 400 cGy acutely-irradiated AG1522 cells (Fig. 5) . These results indicate the importance of radiation dose, and dose rate, in determining the cellular response to ionizing radiation. The miR-143 regulates connective tissue growth factor and its expression correlates with adipocyte differentiation and carcinogenesis [39] . The expression of miR-145 and miR-155 is altered in lung cancers and has been correlated with patient's survival [40] . The miR-143 and miR-145 levels are reduced in colorectal tumors [41] while the upregulation of miR-21 in glioblastoma has been reported [42] . Similar expression patterns of multiple miRNA observed in the present study indicate common functions in the ionizing radiation induced pathways. Previous studies from our laboratory examined the impact of radiation dose on the modulation of miRNA in low LET irradiated human cells. The expression patterns of many miRNA differed markedly within the same cell line after exposure to either low or high doses of radiation [21] . Expression profiles of miRNAs analyzed with microarrays after exposure to low or high dose radiation revealed modulation of miRNA in a dose-dependent manner [43] . These studies have provided evidence that miRNA are regulated in response to IR exposure.
Why are miRNA repressed at 3 h after acute 10 cGy? One possible explanation is that the processing of DNA damage is perhaps different after a low dose delivered at high rather than low dose rate and the damage may require longer time to repair. The repression of certain miRNA could be necessary for the cell to accomplish that task. Previous studies have revealed differences in the extent of DNA damage induced by 10 cGy delivered at different dose rates. The protraction of the dose over 48 h reduced micronucleus frequency to below the spontaneous frequency. The DNA damage by acute 10 cGy was protected by the up-regulation of MnSOD, catalase or glutathione peroxidase and by the inhibition of superoxide anion generation by flavin-containing oxidases [12] .
A number of published studies have reported target genes for many miRNA. Most of the target genes for the miRNA investigated in this study are involved in cellular proliferation [21] . We selected a few target genes for miR-21 from the published literature. The miR-21 is an antiapoptotic factor expressed in glioblastoma cells, breast cancers, and is located at the genomic region amplified in lung cancer [40] . High expression of miR-21 is correlated with a poor prognosis of adenocarcinoma [40] . The miR-21 target genes include programmed cell death 4 (hPDCD4) [44] [45] [46] , tumor suppressor gene tropomyosin 1 (hTPM1) [47] , hPTEN tumor suppressor gene [48] , and sprouty 2 (SPRY2) [49] . In order to determine the correlation of miRNA expression levels to the modulation of target genes that they control, we investigated the relative expression of miR-21 target genes hPDCD4, hPTEN, hSPRY2 and hTPM1 in irradiated AG1522 cells. The miR-21 was upregulated in 10 cGy treated cells and its target genes hPDCD4, hPTEN, hSPRY2 were found to be downregulated in these cells (Fig. 6) . These results establish a direct role of miR-21 in controlling the expression of hPDCD4, hPTEN, hTPM1, and hSPRY2 in irradiated cells. Other studies have shown that while miR-21 is upregulated in irradiated cells, its target genes PDCD4, hPTEN, and hSPRY2 are downregulated [21] .
The relationship between low dose IR exposure and health effects is not understood. The understanding of the process(es) underlying low dose radiation effects would contribute to better understanding of system responses and estimates of health risks from environmental and occupational exposures. The results reported here show that miRNA are modulated in low dose irradiated cells. There were dose, dose rate, and time dependent variations in the miRNA expression patterns. The relationship between miRNA expression and target gene regulation is complicated because mRNAs are typically regulated by many different miRNAs and that miRNAs frequently have hundreds of mRNA targets. It is not feasible to use the expression levels of a few target genes to discover physiologically relevant miRNA-mRNA interactions. A large number of studies have investigated the global gene expression profiles of a variety of cell types exposed to low doses of IR [50] [51] [52] [53] . It is clear from these studies that the gene expression is different in low dose treated cells as compared to high dose IR exposed cells. Furthermore, many studies have identified low dose rate radiationinduced gene expression [54] [55] [56] . Our study shows that dose and dose rate dependent modulations of miRNA occur in the exposed cells. Whether these alterations are responsible for large-scale gene expression alterations that lead to radiation-induced cellular effects remains to be seen. Future studies to dissect the direct impact of miRNA modulation after radiation exposure to the subsequent multiple gene regulation could explain the global gene expression alterations.
